Drilling carbon fiber reinforced plastics and titanium (CFRP/Ti) stacks is one of the most important activities in aircraft assembly. It is favorable to use different drilling parameters for each layer due to their dissimilar machining properties. However, large aircraft parts with changing profiles lead to variation of thickness along the profiles, which makes it challenging to adapt the cutting parameters for different materials being drilled. This paper proposes a force sensorless method based on cutting force observer for monitoring the thrust force and identifying the drilling material during the drilling process. The cutting force observer, which is the combination of an adaptive disturbance observer and friction force model, is used to estimate the thrust force. An in-process algorithm is developed to monitor the variation of the thrust force for detecting the stack interface between the CFRP and titanium materials. Robotic orbital drilling experiments have been conducted on CFRP/Ti stacks. The estimate error of the cutting force observer was less than 13%, and the stack interface was detected in 0.25 s (or 0.05 mm) before or after the tool transited it. The results show that the proposed method can successfully detect the CFRP/Ti stack interface for the cutting parameters adaptation.
Introduction
As carbon fiber reinforced plastics and titanium (CFRP/Ti) stacks are widely used in aircraft structures, a large number of bolt holes are required to assemble the stacked structure. Drilling of CFRP/Ti stacks becomes one of the most important activities in the integration of these advanced materials into aeronautical applications. To improve the manufacturing process and achieve high efficiency, the preferable practice is to drill the hole for assembly through CFRP/Ti stacks in one shoot instead of through CFRP and titanium material separately [1, 2] . However, the hard-to-machine properties as well as the dissimilar machining properties of each material make it challenging to drill CFRP/Ti stacks. A number of studies, machining CFRP [3, 4] or Ti [5, 6] , have been carried out in the last few decades. On the one hand, low feed rate with high cutting speed is desirable for drilling CFRP material [7, 8] . On the other hand, the optimum drilling process for titanium requires drilling at low cutting speed with moderate feed rate due to its low thermal conductivity, high hardness/strength, and strong affinity [1, 2, 9] . Therefore, it is not easy to select suitable parameters that perform ideally for both materials in a stacked form. Some of the studies were dedicated to selecting compromised process parameters to drill holes in both materials of the stack [2, [10] [11] [12] . Yet some researchers studied tool wear mechanisms, hole qualities, manufacturing cost, and so forth, when drilling the CFRP/Ti stacks, and they changed the parameters during drilling process and applied the most suitable parameters for each material [4, 5, 13] .
Changing the process parameters for each material during the drilling process seems a good method to overcome the compromise of the different machining parameters. But large aircraft parts are usually designed with changing profiles and the thickness of different material layers varies along the profiles. In addition, it is difficult to guarantee the thickness accuracy of the large CFRP parts in the fabrication process. Therefore, it is a challenge to achieve the adaptation of the cutting parameters for different materials since 2 Mathematical Problems in Engineering the thickness of each layer is unknown. Neugebauer et al. [14] presented a method based on an acoustic emission (AE) signal for identifying the transition point between materials, such that the point can be used to correctly adapt the process parameters to the material being drilled.
Similar to Neugebauer's method, researchers conventionally monitor tool/cutting condition by laser, vision sensor, acoustic emission sensor (AE sensor), dynamometer, and so forth [15] . However, these techniques need to install additional sensors and equipment to a machine tool. Considering the cost, workspace limitation, and unwanted compliance, a sensorless method is more favorable in practical applications. Compared with the AE signal, cutting force is a more intuitive characteristic parameter in cutting process, because the variation of cutting force is directly related to the cutting condition (such as tool breakage and tool wear). Thus, realtime information of the cutting force is particularly useful for tool wear prediction, breakage detection, and other malfunction inspections [16] .
For these reasons, a force sensorless method based on force observer has been employed by many researchers, because the input of the observer can be obtained from the servo driver directly. The force observer estimates the external force to the servo motor based on the given dynamic system model with the inputs of the measured servo motor current, command position, and actual position [17, 18] . This method is employed to monitor tool collision [19, 20] , detect tool wear and failure [21, 22] , and suppress the chatter vibration [23] .
In the robotic orbital drilling process, the thrust force usually ripples in orbital rotation frequency [24] , the amplitude of the ripple force is time varying, and the phase is uncertain when drilling CFRP/Ti stacks. An adaptive observer [25, 26] could be used to obtain the DC component of the thrust force from the complicated signals of the feed drive system. And the estimation consistency, antinoise performance, and convergence rate of the adaptive observer are improved by using the algorithm with exponential forgetting factor [27] .
In this paper, a force sensorless method based on cutting force observer is utilized for monitoring the thrust force and identifying the drilling material during the drilling process. An adaptive disturbance observer with exponential forgetting factor, which filters out the undesired force ripple and severe current disturbance of the feed motor, is used to estimate the disturbance force of the feed drive system. The thrust force is calculated by deducting the friction force from the estimated disturbance force. Then, an in-process algorithm is developed to detect the stack interface between the CFRP and titanium materials by monitoring the variation of the thrust force for adapting the cutting parameters. Section 2 describes the dynamic model of the feed drive system for the robotic orbital drilling end-effector. Section 3 presents the adaptive observer employed by the force observer. Section 4 states the design of the interface detecting algorithm which contains a signal processing and a decision making part. Experimental results presented in Section 5 show the effectiveness of the proposed method. Finally, in the last section, the paper concludes with a short summary. 
Dynamics of the Feed Drive System
This paper proposes a force sensorless method based on an adaptive disturbance observer of the feed drive system for thrust force monitoring during the orbital drilling process. Before discussing the adaptive disturbance observer, the feed drive system used for the orbital drilling device is introduced first. The system which illustrates a typical configuration of an industrial servo system is depicted in Figure 1 . The system comprises a servo motor, a ball screw, a linear encoder, a slide table, and so forth, as shown in Figure 1 . The dynamics of the motor can be described bẏ
where denotes the equivalent inertia of the moving parts, is the angular velocity, and and are the output moment and torque disturbance of the motor, respectively. The motor output is given simply as
where is the torque constant and the motor torque current. The disturbance contains reaction torque ext of the cutting process, Coulomb friction cf , viscous friction ( denotes the viscous friction constant), and unspecified parameter errors. The disturbance torque on the motor side is defined as
where Δ = − en , Δ = − Tn represent the deviation between the nominal and actual value of the equivalent inertia and torque constant, respectively, and en , Tn are the nominal values.
In the case that Δ and Δ equal zero, (3) can be simplified as
The estimation of torque disturbance is derived aŝ
The estimated cutting force is obtained aŝ
where pitch and denote the pitch and transmission efficiency of the ball screw, respectively. Preliminary experimental results of the robotic orbital drilling process have shown that the thrust cutting force mainly contains a DC component and an AC ripple force in orbital rotation frequency after being filtered by a low-pass filter, which is also shown in [24] . Thus, the thrust force can be written as
where DC and denote the DC component and ripple force, respectively. The frequency of the ripple force equals the orbital frequency which is given by the process parameters within the range from 1 Hz to 4 Hz. It brings trouble when we monitor the value of thrust force to detect the tool position in the drilling process. The frequency of the ripple force is determined by the orbital speed of the orbital drilling operation, but the amplitude and initial phase are uncertain. For this reason, we use an adaptive observer to decouple the ripple force from the observed force. The ripple force can be modeled as
where orbital is the orbital frequency, am and ph represent the amplitude and initial phase of the ripple force, respectively, and are unknown weights related to am and ph , and denotes current time.
The DC component of the thrust force can be estimated as in the following equation and Figure 2 : Figure 2 depicts the feed drive system and the adaptive cutting force observer. It is assumed that the load torque remains constant and that its derivative equals zero during a few sampling periods since the sampling frequency of the signal processor is much higher than that of the external load torque variation. Thus,
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The state equation is given bẏ
where
The input variable ( ) is the motor drive current , state variables ( ) are the actual position act of the slide table, motor angular velocity , and the disturbance torque , the output variable is equal to act , and ( ) ∈ and ( ) ∈ are the system noise and the measurement noise, respectively. ( ) ∈ × and ( ) ∈ × are their covariance matrices. In order to simplify the expression, the symbol will be omitted in the following equations unless there is an emphasis.
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Adaptive Observer with Exponential Forgetting Factor
For any given parameter , a state observer for system (11) can be designed aṡ=̂+
wherêis the estimation of the system state and ( ) is the gain matrix.
Since is unknown in system (11), is replaced by its estimatê( ). Therefore, the state observer (13) is written aṡ
where ( ) denotes the deviation of the estimated valuê( ) from the true value , and it will be explained later. Define the estimate errors of the state and unknown parameter as̃(
As parameter is a constant, hence,̇= 0. Combining (11), (14) , and (15), the derivative of estimate error of the state is obtained aṡ=̇−=
Assume the relationship betweeñand̃as
where Υ( ) ∈ × is an undetermined parameter. Substitute (16) into (17); theṅ
and (14) can be written aṡ
Assume that there exists a gain matrix which satisfies system (19) globally stable; theñ( ) → 0 as → ∞. In order to guaranteẽand̃converge to zero, respectively, the parameter estimation error̃should converge to zero.
The system output estimation can be obtained aŝ
Suppose the relationship betweeṅand system output estimation error ( −̂) iṡ=
where ( ) ∈ × is an undetermined parameter. Due tõ = −̂anḋ= 0, thuṡ
Substitute (17) into (23); theṅ
As mentioned̃( ) → 0 when → ∞, so an appropriate parameter ( ) would satisfy the remaining expression of (24):̇=
stable. Thus, the parameter estimation error̃→ 0.
Choose the parameter
where Γ ∈ × is a symmetric positive definite matrix. Equation (25) can be expressed aṡ
Substitute (26) into (22); theṅ
Thus, the adaptive observer can be expressed aṡ
As all the matrices ( ), ( ), ( ), and Ψ( ) are piecewise continuous and uniformly bounded in time, in order to guarantee the convergence of the adaptive observer, we state the following assumptions [25] .
Assumption 1.
For the matrix pair ( ( ), ( )) in system (11), there exists a bounded time-varying matrix ( ) ∈ × that satisfies the systeṁ=
globally exponentially stable.
Assumption 2. Let Υ( ) ∈
× be a matrix of signals generated by the ODE (ordinary differential equations) systeṁ
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Assume that Ψ( ) is persistently exciting so that there exist two positive constants , for all ≥ 0 ; the following inequality holds:
where is a × identity matrix.
Assumption 1 states that, for any given parameter , a state observer can be designed for system (11) with the gain matrix ( ). Assumption 2 is a persistent excitation condition, typically required for system identification [25] .
As system (11) is uniformly complete observable, the gain matrix ( ) can be chosen as the Kalman gain matrix: (11) . That is, for any initial conditions ( 0 ),̂( 0 ), and̂( 0 ) and ∀ ∈ , the state estimation error ( ) −̂( ) and parameter estimation error ( ) −̂( ) exponentially converge to zero [25, 26] .
Since the constant matrix Γ significantly affects the antinoise performance and convergence rate of the adaptive observer, which is generally hard to obtain, a time-varying matrix D( ) is utilized to replace the constant matrix Γ according to [27] . D( ) is obtained by the RLS (Recursive Least Squares) algorithm with exponential forgetting factor. Therefore, the adaptive observer (29) can be given bẏ
where > 0 is the forgetting factor and the initial value Γ(0) ∈ × can be any symmetric positive definite matrix.
Detection of Stack Interface
The cutting force signals are recorded during the robotic orbital drilling experiments. Figure 3 shows an example of the recorded signals when feeding the tool into the stack, of which CFRP is the first layer and titanium is the second layer. The graph shows a good correlation between the thrust force measured by dynamometer and that observed by the proposed force observer during the drilling process. The graph also depicts the typical changes in thrust force signal along the tool feed path. There is a sharp rise when the tool enters the CFRP, and then, the thrust force keeps constant when drilling CFRP layer. A depression (as shown in the enlarged drawing) comes up with the tool transients from the CFRP layer to titanium layer in the case that a slight gap appears between the two layers. But if the layers are in intimate contact with one another, a sharp rise will take place in the transition which performs similarly to the tool entering the CFRP. When the tool has entered the titanium layer, the thrust force shows a slow descending tendency. After that, a rapid decline of the thrust force comes up at the exit of the titanium. The proposed force observer is used to monitor the thrust force during the orbital drilling process. The changes in the shape of the force observations are identified by a moving linear regression algorithm. Monitoring the deviation between the predicted force (calculated by the time-force function defined by linear regression) and observed force at a regular interval makes it practical to detect the tool position in the CFRP/Ti stack. The procedure of the tool position detection is shown as follows, and the flow chart is also presented in Figure 4 .
(1) The tool position indicator Flag is set to 0 before the tool reaches the workpiece.
(2) Force value measured by cutting force observer is recorded for a regular time interval Δ . We predict the forcêof the current time by the time-force function, = ⋅ + , and parameters and are calculated by linear regression with the last force values, −1 , −2 , . . . , − . The differencẽbetween the measured force and predicted force is obtained bỹ = −̂. The subscript denotes number of the force value sampled by the detection algorithm. When = 1 and |̃| > ℎ 2, it is regarded as the situation in which the tool is approaching or entering the titanium layer. Then, the indicator Flag is set to 2 and the time when it happens is recorded as time 2.
When
= 2 and the deviation is below thd 3 (thd 3 is a negative value), it is regarded as the situation in which the tool is going to penetrate through the stack. Then, Flag is set to 3 and the time when it happens is recorded as time 3.
(4) When the equation, = 3, is satisfied, all the three positions, which denote that the tool enters the CFRP, traverses the material interface, and exits the Ti, respectively, have been identified. Then, the algorithm is ended.
Considering the safety machining requirement, a fail indicator is assigned if the desired change is not found where it is supposed to be within the time frame of normal process. Figure 5 , experiments were carried out on the Robotic Orbital Drilling System (RHMS) developed at Zhejiang University. The stack plate was mounted on a Kistler 9257B dynamometer which was used to measure the thrust force during the drilling process. The feed drive system employs an AKM 33E servo motor produced by KOLLMORGEN Co., Ltd., and an LC483 absolute linear encoder produced by HEIDENHAIN Co., Ltd., with resolution 5 m, and the system parameters mentioned in Section 2 are given in Table 1 . The CFRP/Ti stack used in the experiment was composed of CFRP and Ti plates. The CFRP plate (T700/QY9611, with a thickness of 5 mm) lay on the top of the titanium plate (Ti6Al-4V, with a thickness of 4.5 mm), and they were bolted together, as shown in Figure 6 . The holes with a diameter of 8 mm were orbital drilled with solid carbide end mills featuring four teeth, an overall length of 75 mm, a cutting edge length of 25 mm, and a diameter of 6 mm. All the cutting tests have been carried out at a spindle speed of 2000 rev/min, an orbital speed of 120 rev/min, and a feed rate of 12 mm/min. The tests were carried out in dry machining conditions, since wet conditions can adversely affect the material properties of the composite. The CFRP and titanium chips were evacuated in process via a vacuum dust removal system. 
Experiments and Results
Experimental Setup. As shown in
Performance of the Cutting Force
Observer. The cutting force observer is proposed in Sections 2 and 3, and the parameter value of the adaptive observer is shown in Table 2 . The summation of friction force, winding loss, iron loss, and so forth was estimated by the adaptive disturbance observer on the condition of air cutting test with a feed rate of 12 mm/min. It is assumed that the thrust force is equal to zero in the air cutting condition; thus, the output of the motor is regarded as the friction force of the feed drive system in constant feed rate of 12 mm/min. To evaluate the performance of the force observer, the measured force and the observed force of the drilling tests are compared. Figure 7(a) shows the thrust force recorded by the dynamometer when drilling a hole in CFRP/Ti stack that started with the CFRP layer and ended with the titanium layer. Figure 7 (b) depicts the comparison of the DC component of the thrust force measured by the dynamometer and that observed by the force observer. Figure 7(c) indicates the relationship between the AC component of the measured force and the ripple force estimated by the adaptive observer, in which the ripple force is obtained by (8) .
The root mean square (RMS) value of the estimated error,
, is used to measure the average observed performance of the cutting force observer, where is the difference between the DC component of the measured force and that of the observed force and represents the cutting time. Average thrust force measured by dynamometer and force observer when drilling CFRP and titanium layers and the average estimate performance of the force observer are presented in Table 3 . The estimated errors of the force observer are below 12% and 13% when drilling CFRP and Ti layers, respectively. Although it is not a high accuracy method for the force measurement, basic consistency between the observed force and the true thrust force is guaranteed. In this research, the force observer is aimed at monitoring the thrust force variation when drilling different materials. As shown in Table 3 , the thrust force when drilling Ti-alloy is about 3 times higher than that when drilling CFRP in the same drilling operation. Therefore, we consider that estimated errors below 13% are acceptable for the identification of the drilling material. Consequently, we use the cutting force observer for the tool position detection. the developed feed drive system is able to detect the tool position in orbital drilling process by monitoring the thrust force. In order to verify the effectiveness of the proposed detection algorithm and evaluate the repeatability of this method, 24 holes have been drilled for the position detection tests. The parameters of the detection algorithm mentioned in Section 4 are shown in Table 4 .
Detection of Tool Position in CFRP/
In this experiment, the entering time of CFRP layer, the time of the tool transit of the interface between different materials, and the exit time of Ti layer are identified.
The time nodes identified by the detection algorithm are shown in Figure 8 . Table 5 lists the differences between the drilling depth of the cutting tool and the true position of the workpiece. Drilling depth is calculated by the feed rate which multiplies the time given by the detection algorithm. A negative sign indicates that a change of the material being drilled is found ahead of time and position, while a positive value indicates a delay. The accuracy of the identified position of the tool is depicted in Figure 9 clearly. The upper surface of the stack was detected after the tool enters the CFRP Table 4 : Parameters of the detection algorithm. was detected in the range of −0.05∼0.05 mm, which means that the interface could be detected 0.25 s before or after the tool penetrates it. But a much poorer accuracy of tool position, when the tool exited the stack, was obtained. The difficulty lied in accurately detecting the time when the tool exited the titanium layer, which is mainly affected by the complicated deformation of the uncut titanium plate. The interaction between the thrust force and the decreasing depth of the uncut material leads to the value of the thrust force becoming fuzzy. In the study of Neugebauer et al. [14] , the stack interface is detected within 0.8 mm (0.17 s) when drilling from CFRP to Al using standard drill. From the above experimental results, it is clear that our proposed force sensorless method has performance comparable to the acoustic emission based method.
Conclusion
It is shown that the thrust force observed by the developed force observer can provide a good solution for monitoring the drill position in the CFRP/Ti stack. The point where the cutting tool enters into the stack, exits from the stack, and transits the interface of different materials can be identified during the drilling process of the CFRP/Ti stack. As a result, it is possible to change the drilling parameters such as spindle speed, orbital speed, and feed rate to adapt the materials being drilled during the drilling operation. Hence, the quality of the hole and the cutting tool life can be improved.
Since the thrust force is used as the indicator of the tool position in the stack, the disparity in hardness of different materials will be remarkable. Otherwise, it may be difficult to detect the stack interface by monitoring the thrust force. The suitable thresholds affect the identification accuracy of the tool position, which should be further optimized. In order to enhance the accuracy of the force observer which is affected by the cogging force of the motor, ripple force of the ball screw, and friction of the guide rail, a better machine structure should be developed, for example, using direct drive motor instead of the rotary motor and ball screw and using air-slider instead of the guide rail.
